Spatial ability has been an area of research for decades. Distinct correlations have been discovered regarding research into spatial ability and Science, Technology, Engineering, and Mathematics disciplines (STEM). However, spatial ability is a term that can be confusing to practitioners. For this purpose, spatial ability, a measure of an individual's capability to exercise a specific construct of spatial thinking, will be defined explicitly in this paper. Spatial ability has been positively correlated to success in the professional engineering world as well as within engineering coursework. In view of this correlational evidence, an argument forms for the academy to develop a more refined understanding of the improvement in spatial ability and underlying impacting mechanisms of spatial thinking within undergraduate engineering courses. This paper presents preliminary research into spatial ability's correlation to performance in an engineering Statics course. Statics is a fertile engineering course to research as it is a gateway course where students often determine if they will persevere in engineering. It is the first class in the Engineering Mechanics Series and is required by most mechanical, civil, environmental, biological, and aerospace engineering programs.
Introduction and Literature Review
Numerous studies have reported significant correlation of spatial thinking (the ability to use spatial skills in their learning and work) to success in performance, professional work 1, 2, and within academic studies 1, 3 . In addition to this, studies also show that spatial thinking is highly correlated to success in the engineering field specifically 1 . It has been recorded that entering engineering students have a significantly higher spatial ability than their colleagues in other fields of study 1 . Within the engineering field, those with higher spatial ability perform, on average, better than other students in the same field of engineering who have lower spatial ability 1, 3 . This better performance in their academic career then translates to their professional career 1, 2 . Terms such as spatial thinking, spatial cognition, and visuospatial thinking, in addition to spatial ability, are commonly used to discuss individuals' spatial understanding of innately spatial topics. For this paper's purposes, the term spatial ability will be used and defined as the measure of an individual's spatial aptitude.
In 1993, Sheryl A. Sorby conducted an experiment at Michigan Tech regarding spatial ability and engineering students. The experiment required all freshmen engineers to take a spatial ability test known as the Purdue Spatial Visualization Test: Visualization of Rotations (PSVT:R). That year, 535 students took the test and 96 (18%) failed the test with a 60% or lower. From this group of 96 participants, 24 were randomly selected to take part in a three credit course that was developed to help the improvement of spatial ability. The remaining 72 students were not enrolled to serve as the control group 3 . At the end of the course, the 24 students were given the PSVT:R again to assess gain. The average of the test for the 24 students before the class was 51.7%. After the class, their reported average had increased from 30.3% to 82.0%. Additionally, the data indicated that males performed higher, on average, than females on the spatial ability test. Of those that took the test, 17% were female. Yet, of those that failed the test, nearly half were female 3 . Even though males, on average, have higher initial spatial ability regarding rotations 2, 4 , Sorby's work demonstrates that spatial ability can be learned. It also demonstrates that the disparity in scores seen by the two sexes can be decreased or eliminated with training 1 .
The study continued for the next five years. A change in methods involved actively advising those who failed the pre-test to enroll into a spatial intervention course rather than continuing to randomly select participants for the spatial intervention as was done before. The students that were accepted and voluntarily took the spatial ability class demonstrated roughly the same percentage increase as did the randomly selected group the year prior. Continued data collection revealed an average student gain of 27% on their PSVT:R test results 3 . While some may extend this research to discover how much spatial ability improves in those who already have a higher level initially, the work conducted nevertheless shows that spatial ability is not innate and responds to training and experiences within the studied demographics.
It has also been verified that spatial ability can be learned through coursework not directly targeting its improvement 2, 5 . In a study performed by Prieto and Velasco, it was desired to know if spatial ability could be improved through a course that focused on technical drawing. The study concluded that spatial ability does improve, and the improvement was similar in men and women 2 . A similar study done by Németh focused on the development of spatial ability throughout a course focused on descriptive geometry. In her results, she reported that, indeed, spatial ability was improved by the end of the course but that males showed greater improvement in spatial ability than females 5 . Both studies agreed that spatial ability can be improved during engineering-related coursework; however, the two studies do not agree if males and females improved similarly or not. Finally, Sorby's text 6 , targeted to improve student's spatial ability, presents a method of increasing this ability using very traditional drafting instructional techniques. Her work provides one practical avenue to students to increase their spatial ability.
There has been much work done with respect to differences in spatial ability between sexes. Levine states that at as early as four years of age there is already a difference in spatial ability favoring males 7 . In a study done by Lippa, Collaer, and Peters, it was found that across 53 separate countries males performed higher than women on two separate spatial tests. Also, it was reported that gender equality and economic development were significantly associated with a higher performance on the two tests 4 .
On December 10 th 2012, 44 spatially minded researchers and administrators from education and industry met to discuss the placement of curriculum, based on spatial thinking, in higher education. They brought together their knowledge about the teaching and development of spatial thinking in order to find the most effective way to teach this skill to the next generation of engineers and to other students in visually intensive majors 8 .
On teaching spatial ability they reported the following:
Although we believe that current attempts to teach spatial thinking are effective, we have little objective evidence for this and are not currently in a position to advocate a best approach or set of approaches for teaching spatial thinking across the college curriculum. 8 Even with this and other research, Sorby claims, "That it is still too early to determine if those with spatial abilities are simply attracted to engineering fields or whether engineering education and practice aid in the growth of spatial abilities 1 ." Nevertheless, the argument is proposed that initial work is required to discover courses that are significantly spatial in nature 9 . Recently Uttal made this comment:
Having good spatial skills strongly predicts achievement and attainment in science, technology, engineering, and mathematics fields 10, 11 . Improving spatial skills is therefore of both theoretical and practical importance. 12 In order to meet the demands of the world's engineering needs in the coming years, we need to address the deficit in engineering graduates 13 . Spatial interventions stand to impact STEM education as evidenced in Uttal's statement concerning the advantages for investigating spatial thinking, Considered together, the results suggest that spatially enriched education could pay substantial dividends in increasing participation in mathematics, science, and engineering. 12 As supported by previous research, fostering the development of student's spatial ability is one potential technique that may increase engineering student success. In accordance with the call for action made by Uttal 12 , spatially enhanced curriculum can and should be created and adopted into existing courses. However, we must first identify highly spatial topics and discover how students spatially reason through the concepts and problems taught within them to strategically tackle spatial enhancements that will have impacts. Research focused on such knowledge will set a foundation for instructors to develop spatially enhanced curriculum and will reveal if spatial ability can impact success at a course-specific level.
Methods
Data was collected as a convenience sample from two separate classes, Statics and Anatomy. The Anatomy class served as a reference group that did not receive the Statics course curriculum: the specific treatment for this study. The addition of the Anatomy class to this quasiexperimental study was implemented to address potential risks to the study discussed in detail later in this paper.
Both the Statics and the Anatomy courses lasted 15 weeks, beginning in the end of August and ending in the first part of December. The two classes took the pre-tests for both the Mental Cutting Test (MCT) 14 and the PSVT:R 15 at the beginning of the course. This established initial spatial ability levels. These instruments have been used extensively in previous spatial ability assessment 1, 5 . At the end of the 15 week period, all the students then took the post-tests for the MCT and the PSVT:R to ascertain final spatial ability levels. A demographic survey was given at the beginning of the 15 week period on a volunteer basis.
The spatial instruments, both the MCT and the PSVT:R, were given online in a controlled testing environment. Each test was limited to 20 minutes [16] [17] [18] and the participants took the tests in groups of size ranging between 20 and 30. The tests were taken in computer labs with proctors present. For those participants requesting isolated testing environments, a single room and proctor was provided. The demographic survey given focused on past/current hobbies and experiences of the participants, sex, and major. Institutional Review Board (IRB) approval for the study was secured prior to data collection.
Risks to the study and participants are always of concern in engineering education studies. Measures were taken to help minimize and eliminate the risks to the study. Included below is a list of several risks and strategies used to address that particular risk.
Maturation: It is possible that improvement in spatial ability could have come from the continual maturation of the participants' minds. The study spans 15 weeks which is enough time for potential maturation of the mind to effect spatial ability. Anatomy results refute this effect as spatial ability was not seen to significantly increase in this class.
Testing: With identical pre-and post-tests there is the chance that the participants performed better on the post-test because they recalled previous answers. Literature indicates that a month is sufficient time to avoid most pre-and post-testing validity issues 19 . This research endeavor exceeded this recommended time allowance by nearly two and a half months.
Experimental Mortality: With two separated data collection times using the same instrument offered in pre-and post-test form, there was a possibility of an experimental mortality rate. For this work, participants who took only one of the pre-or post-tests were omitted from the data set. This is considered to be an acceptable risk as the sample size was large enough to still be significant with omitted results.
Instrument Design
In order to collect the data, two separate spatial instruments were used: the MCT and the PSVT:R. These two instruments were chosen to better target spatial ability of the individual students as both measure different constructs of this intelligence. Both instruments were originally occupationally designed 11, 20 and have been proven to be valid and reliable 21, 22 . Students were allowed 20 minutes to take each test [22] [23] [24] , and the MCT contains 25 questions while the PSVT:R contains 30 questions.
The MCT was developed to test cut-surface recognition. The MCT looks to assess participants' capability to mentally model the intersection of a cutting plane and three dimensional object. Each question presents a two-dimensional image of a three-dimensional object that has a plane drawn through the object. The participant is to select, out of five possibilities, what the crosssection would look like if the object was cut along the given plane and the cut plane was rotated to face the student. For the PSVT:R, each question begins with a two-dimensional image of a three-dimensional object. It then gives an image of the same object after it has been rotated in a specific fashion. The participant is then shown another image of a three-dimensional object and is asked to rotate it in the same manner as the first object. The answer is then selected out of five images that are possible solutions, but only one of which is correct. An example question from each test is given here. The MCT question is presented first in Figure 1 and the PSVT:R is presented next in Figure 2 . A demographic survey targeting hobbies and previous experience, sex, and major was developed and given to students near the beginning of the study. It was composed of 33 questions. The instrument was delivered through Qualtrics TM and students were allowed to voluntarily take the instrument.
Data Collection
In total, 182 students participated in the study. Five students did not complete all four spatial instruments (MCT and PSVT:R pre-and post-) and were omitted from the study. With these omissions there were then 94 viable participants in the Anatomy class, with 25 males and 69 females, and 83 viable participants in the Statics class, with 73 males and 10 females. Overall, 728 pre-and post-tests for both instruments were administered electronically and 708 were used in the study. Out of the 83 viable Static participants, 53 of them completed the demographic survey that was given.
Results
All data was analyzed using paired t-testing to find any significant gain between average preand post-spatial test scores. First, Statics data was compared with the Anatomy data to find if spatial ability improved within the two separate classes. Males and females were compared only within the Statics class as Anatomy results showed no significant improvement of spatial ability. In addition to males and females, a selected number of past experiences from the demographic survey were also analyzed to find any correlation between experience and spatial ability gain.
Upon preliminary graphical analysis, one outlier was identified and removed. After omitting this outlier, the sample size for the study was 176 students total with 94 in the Anatomy class, 25 males and 69 females, and 82 in the Statics class, 72 males and 10 females. The mean test scores with their accompanying standard deviations for each class are presented in Table 1 . Table 2 along with the percentage of Statics students in each class and an assigned expected impact factor. The courses were preliminarily evaluated with a Likert scale ranging from "not at all", "small degree", "moderate degree", "high degree", and "very high degree" by three experts in these courses' content. Consideration was directed to the prevalence of spatially-related tasks within the curriculum. Breadth classes include History, Philosophy, Folklore, Ethics, Communication, and Literature courses which are considered to be limited in spatial impact. Creative arts, another class in the general breadth area, may have a higher spatial impact; however, treating the entire set of breadth courses as a single unit decreases the likelihood of spatial ability impact. Intermediate writing, with a "not at all" potential spatial ability impact, is scheduled to be taken by all students concurrently. This course is closely followed by Multivariable Calculus which is considered to have a "small degree" of potential spatial ability impact. Continued further research isolating the correlation of concurrent coursework with Statics and spatial ability is underway and recommended. This work presents a preliminary look into this area of spatial influence.
Although female representation in the Statics portion of the study was low at 10 out of 82 participants, a look into female spatial scores in comparison to males' scores opens avenues for continuing this line of research. Based on the pre-test scores, it was found that females improved, on average, 4 points on the MCT (t =3.422, p<.001). Males' gain was not significantly different than the females' on this instrument. However, on the PSVT:R there was a difference between the sexes. Females improved by 3 points (t =2.779, p=.006), while males scored 2.292 points less than females (t = -2.004, p=.048).
Data was also taken from the demographic surveys and correlated with the data from the MCT and the PSVT:R using t-tests. Previous experience in drafting, Legos, woodworking, and welding was investigated and will be discussed. Drafting was selected due to the fact that previous research has been conducted correlating improvement in spatial ability after completing a drafting course 2 . Legos, woodworking, and welding were selected as initial demographic points of interest that target vocational and a dominant childhood hobby that is usually gender specific. Experience was measured on a five point Likert scale where a 1 equates to "very little", 2 to "some", 3 to "moderate", 4 to "considerable", and 5 to "immersed." Values of 1-3 were treated as low or no experience and values 4-5 were treated as high experience. These four items are listed in Table: 3 with their associated average improvement, t values, and p values. High not significant not significant not significant
Discussion
Statics students showed a significant gain in spatial ability while Anatomy students did not. In the Statics class, it was found that males had an initial higher spatial ability when compared to females, on average scoring 3.23 higher on the MCT and 5.77 higher on the PSVT:R. This confirms what has been previously reported by Sorby and other researchers 1, 3, 7, 25, 26 . Although males outperform females initially, females are not hindered in any way in their capability to improve in their spatial ability. In fact, females improved significantly more on the PSVT:R than their male counterparts, scoring an average 2.29 points higher than males. With recognition that the PSVT:R is measuring a rotational or orientation-type of spatial construct, this begs an investigation into what mechanisms found in a Statics curriculum accelerate this type of spatial ability improvement in women more than men. It is possible that the same final level of rotational spatial ability can be achieved despite individuals starting with different initial levels of spatial ability. It is also plausible that spatial ability improvement is not necessarily the same for different sexes given the same treatments. Additionally, the PSVT:R instrument may also be subject to a ceiling effect 27 for this population.
The effects of past experiences may demonstrate evidence that spatial ability does not linearly improve for those progressing in this area from novice to more expert. Simply said, a greater duration and exposure to spatial experiences may be required for subsequent and significant spatial ability improvement in those who initially start with higher spatial ability. Results reveal that those with greater involvement in drafting, Legos, woodworking, and welding did not improve in spatial ability as much as those with lower involvement. This trend was observed in all areas except the results correlated to woodworking and the gain on the PSVT:R. Results also indicate that those with limited experience, scores of 1-3 on the demographic survey, showed no significant improvement. It is also possible that these demographic areas have already delivered a spatial enhancement mechanism that was as useful as any mechanism for improvement that may be delivered in the Statics curriculum. Further analysis of the demographic data is now underway.
The ability to rotate and understand an object's orientation in three-dimensional space is suspected to be correlated with the mental rotation requirement present in the PSVT:R. A prime example in Statics is understanding the decomposition of a force into its basic components, which requires orientation in two-or three-dimensional space so that appropriate analysis methods may be employed. Generally, the analytical methods involve trigonometry which is a mathematical concept. But as stated by Call, Goodridge, and Green, the ability to use trigonometry "is based on the assumption that through visualization (a conceptual process), students can identify proper application of trigonometric functions 28 ." They also continue to state that errors in problems containing two and three dimensional vectors come from a misunderstanding of a spatial nature, rather than an error in using a trigonometric function, such as plugging in the wrong angles. Hegarty and Kozhevnikov also states the following:
There is extensive research in mathematics showing a correlation between spatial ability and mathematical performance. . . For example, Sherman 29 reported that the spatial ability factor was one of the main factors significantly affecting mathematical performance. This correlation increases with the complexity of mathematical tasks 30 .
In addition to orientation, proportionality, a construct proposed to be evident in some MCT problems, is also suspected to be correlated to understanding engineering concepts of equilibrium. In Statics, an example is the mental model of force interactions where defining analytical equations of equilibrium relies on the ability to recognize and balance force magnitudes. Another example in Statics of proportion is found in the analysis of friction forces. Once a force opposing friction becomes equal to that friction force, the object is on the verge of movement. With such problems, understanding proportionality (of magnitudes) becomes extremely relevant.
It is advantageous to locate topics that are highly spatial in nature within Statics. Typical course topics found in Statics texts and curricula include General Principles, Force Vectors, Equilibrium of a Particle, Force System Resultants, Equilibrium of a Rigid Body, Structural Analysis, Internal Forces, Friction, Center of Gravity and Centroid, and Moments of Inertia 31 . Preliminary qualitative analysis, ranking subtopics within these subject areas by three experts in the curriculum and on a Likert scale ranging from "not at all", "small degree", "moderate degree", "high degree", and "very high degree" indicates a proposed emphasis of spatial ability. The four highest perceived spatial impacting areas, arranged in decreasing spatial order, found in the Statics curriculum are: Friction, Internal Forces, Center of Gravity and Centroid, and Force System Resultants.
Statics students improved significantly more than their Anatomy counterparts on both tests. This differential in improvement gives supporting evidence that some mechanism students are exposed to in the semester they are taking Statics is significantly improving their spatial ability. With review of data and expert evaluation of other concurrent coursework, it is highly probable that this increase in spatial ability is due to the Statics course curriculum alone.
Recommendations for Future Work
Results indicate the existence of a significant improvement during the semester students were engaged in Statics during the fall semester. This begins foundational work towards discovering engineering courses and topic areas within those courses that may be highly spatial in their content. With additional work, investigating the mechanisms of spatial thinking in engineering curricula, progress can then be made toward interventions that may have impacts on success and retention in engineering courses. Course-specific enhancements may prove to be an extremely viable means of addressing spatial thinking improvement in students. Further research on other previous coursework as well as concurrent coursework is warranted. Research should also be expanded into other fields of study, such as interior design, engineering technology, chemistry, and medical fields. Results associated with the demographic data also provide initial insight into the impacts experiences have on students' spatial ability before they enter collegiate-level classes.
Limitations
This study pilots a preliminary investigation into the effects that Statics curriculum may play on an individual's spatial ability. Demographic questions were focused on sex, major, and experiences/hobbies. Deeper statistical analysis is needed to determine the effect of other concurrent course on correlations with spatial ability.
The individuals that make up the sample are, for the majority, made up of one ethnic demographic. Due to the local dominant religion, the majority have the same set of values. The majority of the students were males, consisting of 87% of the sample. Most participants were middle class. It is desirable to continue collecting data, particularly for the purposes of increasing female representation and the associated sample size. This is important as 18% of engineering bachelor degrees are awarded to females and they form an underrepresented population within engineering majors.
Conclusion
There is a significant improvement in the students' spatial ability scores at the end of the Statics course. Some mechanism improving spatial ability is likely present in Statics curriculum. In contrast, there was no significant increase of the students' spatial ability scores throughout the Anatomy course. Additionally, and in accordance with Sorby's previous findings, 1, 2, 32 this work provides more evidence that spatial ability can be trained and improved. While males initially start at a higher initial spatial ability as measured with the MCT and PSVT:R than females, spatial ability gain is possible by both sexes. Spatial ability gain may not be linearly related to exposure to spatial experiences. Those with more expertise in spatial ability may require greater time investment to improve this ability than those starting at novice levels of spatial ability. With the results from this study, engineering educators can begin to develop insight into how spatial ability improves in an undergraduate engineering course. This work presents a model for investigating spatial ability in undergraduate engineering.
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